Ohnaka and Kuwahara investigated the nucleation process of unstable rupture in their elaborate laboratory experiment with a very high resolution, using a rock sample with a simulated fault.
INTRODUCTION
Large earthquakes are believed to cause some premonitory effects. This is the strategic basis of the deployment of instruments close to the fault which might be a possible source of a future large earthquake. The Tonankai earthquake, for instance, which occurred along the Nankai trough off the southwestern Japan in 1944, was a rare case for which premonitory crustal deformation was detected immediately before its occurrence. When the earthquake occurred, a leveling party of the then Military Land Survey had been surveying near the source region. The anomalous ground tilt appears to have begun 2 or 3 days before the earthquake and gradually accelerated to the coseismic deformation [Sato, 1970 [Sato, , 1977 Mogi, 1985, p .283].
The above observation may be attributed to the premonitory slip of the source fault. If we know the conditions under which the rupture begins to grow stably and transition from stable to unstable rupture occurs, then it will be highly useful as a strategic basis for short-term earthquake prediction. Laboratory experiments can provide a physical basis for source models that are helpful in understanding the conditions giving rise to earthquake instability and the premonitory effects. In experiments on stick slip that propagates dynamically along a simulated fault in a large rock sample, which basically is crack tip growth along weak junc-zone is defined here as the zone where the rupture proceeds stably and quasi-statically from the point where the slip failure nucleus is formed to the critical point beyond which the overall unstable rupture begins. It must be kept in mind, however, that pseudo-stable and quasi-static rupture growth in the nucleation zone can involve local dynamic instabilities and that a single local instability may not necessarily result in dynamic instability giving rise to overall rupture along the fault, if the crack growth resistance varies along the fault. Therefore the overall size of the entire nucleation zone will be much larger than the size of a single local nucleation zone. We will investigate this further in a later section, comparing theoretical and experimental results.
It has been found in recent systematic laboratory experiments [Ohnaka and Kuwahara, 1990 ] (hereinafter referred to as paper 1), as will be stated in detail in the next section, that whenever quasi-static, stable nucleation occurs in a zone along a fault, the crack growth resistance increases with increasing distance from the initiation point of nucleation in the zone. The concept of crack growth resistance has a distinct physical meaning in the context of fracture mechanics. The critical slip displacement Do, which is defined as the slip displacement required for the breakdown near a crack tip, is indicative of the crack growth resistance.
The stress difference er r -eri (err being the peak stress at the crack tip and eri being the shear stress at the propagating tip on the verge of slip) is also indicative of the crack growth YAMASHITA AND OHNAKA: NUCLEATION PROCESS OF UNSTABLE RUPTURE resistance, because slip weakening begins to occur after the stress at the crack tip attains the peak stress crr. Hence the larger the difference crr -crl, the more the crack growth is impeded. As stated above, the crack growth resistance is experimentally found to increase with distance from the initiation point of nucleation in the nucleation zone whenever quasistatic, stable nucleation has occurred. However, it is not clear from the laboratory experiments whether the reverse of this experimental finding is also true, because in laboratory experiments it has been difficult to specifically distribute the crack growth resistance along the fault at will prior to individual experimental runs in such a way that the crack growth resistance increases with distance from the initial nucleation point. If the reverse is true, an increase of the crack growth resistance with the distance will give necessary and sufficient conditions for stable and quasi-static nucleation. This deserves investigation, and hence it will be studied theoretically in terms of the breakdown zone model whether the reverse of the above experimental finding is true or not.
The breakdown zone model for shear crack, which is an extension to shear faults of the cohesive zone model for tensile crack put forward originally by Barenblatt [1959] , has been found useful in understanding the earthquake source failure in terms of fracture mechanics [e.g., Rice, 1979; Rudnicki, 1980 Rudnicki, , 1988 . This model assumes that the shear stress is a function of slip displacement near a crack tip. This has been confirmed by laboratory experiments on brittle shear failure of intact rock [Rice, 1980; Wong, 1982] and stick-slip shear failure along the precut fault in large rock sample Dieterich, 1981, 1984; Ohnaka et al., 1986 Ohnaka et al., , 1987a  Ohnaka and . The breakdown zone is defined as the transitional zone from the crack tip to the point at which the shear stress reaches down to a frictional stress level crf. In this zone, the shear stress generally rises to the peak stress crr with ongoing slip and then decreases to a residual friction level crl after a certain amount of slip Dc (Pigure 1, see also Ohnaka and Yamashita [1989] ).
In the mathematical analysis, we assume a plane strain shear crack, as the source model, in an infinite isotropic twodimensional elastic medium. The breakdown zone model is assumed because it has been supported by a large number of experimental facts, as mentioned above. The distributions of stresses and critical slip displacement must be specified on the crack surface to obtain the mathematical solution.
These distributions are assumed on the basis of the observation in paper 1. It will be shown that inhomogeneous distribution of critical slip displacement is most crucial for the occurrence of transition from stable to unstable rupture.
We will theoretically obtain a possible distribution of the critical slip displacement which can quantitatively explain the experimental results in paper 1. It will also be shown that diverse rupture process is caused by the difference in the distribution of critical slip displacement.
A BRIEF REVIEW OF EXPERIMENTAL OBSERVATIONS
The theoretical analysis given in this paper is based on recent experimental observations on local breakdown near a propagating tip of the slipping zone during slip failure nucleation along a simulated fault of weak junction in a large rock sample. Therefore we first briefly review characteristic features of the local breakdown near the propagating tip
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Da Dc Figure 1 , where crr is the peak shear stress that represents the local breakdown strength near the propagating tip of the shpping zone, cri is the shear stress at the propagating tip on the verge of shp, cri is the residual friction stress, and D• is the critical shp displacement. Is unstable and dynamic rupture propagation inherently preceded by a stable and quasi-static nucleation process? Dieterich [1978a] reported that stable slip consistently precedes unstable shp and that stress inhomogeneity controls the preseismic shp; the amount and duration of preseismic slip increase with the inhomogeneity. This preseismic shp should be recognized as a manifestation of the shp failure nucleation process preceding unstable, dynamic rupture in the framework of fracture mechanics, and such a slip failure process should be described in terms of a constitutive relation that prescribes the relation between shear stress and shp displacement near a propagating tip of the slipping zone during shp failure [e.g., Rice, 1980] . Recent high-resolution experiments (paper 1) have clearly shown how the transition from formation of slip failure nucleus to dynamically propagating rupture proceeds in a finite localized zone on the fault. Such an observed example of the nucleation is reproduced in Figure 2 Quasi-static growth of rupture (phase II) is defined as stable rupture caused by further increase in the applied external stress, so that rupture growth in this phase shotfid be strain rate dependent (see Figure 4) . This phase was termed as stage I slip by Dieterich [1978a] . In the brittle regime, the energy release rate G is equal to the shear fracture energy G• during phase II, while G may locally be larger than G½ during phase III, and the excess energy G-Gc in phase III will be consumed by accelerating the crack growth. Note, however, that even if G is locally greater than Go, this does not necessarily lead to unstable dynamic rupture of the entire fault, and in this sense, crack growth can overall be stable and quasi-dynamic during phase III, although phase III may involve local dynamic instabilities. Dieterich [1978a] pointed out that there is an accelerating phase (termed as stage II slip) similar to phase III; however, the stage II slip that he observed may not necessarily be identical to phase III here, because the stage II slip is a resultant phase triggered by the break-out at the end of the sample [Dieterich, 1978a] . per 1; Ohnaka, 1990 ]. An increase in the magnitudes of all those parameters brings about increasing resistance to crack extension [Ohnaka, 1990] , so that the above results may be paraphrased as follows; the crack growth resistance increases with crack extension in the nucleation zone. This is because a slip failure nucleus is formed at a point (or zone) where the resistance to crack extension is at a minimum (paper 1). The above experimental results show that the resistance to rupture growth can be regarded as a function of the position on the fault because an inhomogeneous spatial distribution of the rupture growth resistance is prescribed by stress inhomogeneities on the fault and/or topographical inhomogeneities of the fault surfaces. It is also suggested that an inhomogeneous spatial distribution of stresses and/or Dc on the fault is a necessary condition for creating the sizable zone of stable, quasi-static to quasi-dynamic nucleation preceding unstable, dynamic rupture propagation. This will. be studied theoretically below.
SLIP DISPLACEMENT AS A FUNCTION OF STRESS CHANGE
Let us consider a straight plane strain shear crack of length 2a in an unbounded two-dimensional elastic medium. Cartesian coordinates zy are introduced such that the crack will lie on a segment of the z axis, -a < x < a. The stresses are assumed to be finite around the crack tips. According to Yamashita [1978] 
Discrepancies Between the Theoretical and Experimental Results
As shown in the preceding section, we have found theoretically that stable rupture growth can occur prior to unstable rupture even in the brittle regime. However, there are still some quantitative discrepancies between our theoretical results and the experimental observation in paper 1. For example, as will be stated below, there are discrepancies in the values of nondimensional critical crack length for unstable growth, the value of 5 at the onset of stable rupture growth, the rate of stable rupture growth, and so on. We now resolve these discrepancies and put forward a quantitative model to explain the experiment. It will also be suggested that the pseudo-stable crack growth in the nucleation zone is contaminated by dynamic effect. 
DIVERSITY OF EARTHQUAKE I•UPTURE PROCESS DUE TO DISTRIBUTION OF CRITICAL SLIP DISPLACEMENT
The discussion in the previous sections suggests that diversity of earthquake rupture process can be caused by the differences in the distribution of critical slip displacement and in the size of preexisting initial crack. For example, the case P in Figure 10 can explain a main shock without foreshock sequence. The example of crack growth illustrated in Figure 15 will explain a main shock with high foreshock activity. It is shown in this section that fault creep can also be explained by an inhomogeneous distribution of critical slip displacement, which will be assumed here, apart from the experimental observation: there will be a possibility that there is a diversity in the distribution of the critical slip displacement in the Earth due to local geology.
Strain energy stored in the Earth is sometimes released with no earthquake. Such a phenomenon is known as fault 
DISCUSSION
We have theoretically investigated the experimentally observed stable, slow crack growth preceding an overnil dynamic instabihty in terms of the crack growth resistance in the framework of breakdown zone model, in which the shear stress is a function of shp displacement near the crack tip, and shown that inhomogeneous distribution of the crack growth resistance on the fault is responsible for such stable, slow crack growth in the brittle regime. In view of the experimental results in paper 1, it can thus be concluded that inhomogeneous distribution of the crack growth resistance on the fault is necessary and sufficient conditions for pseudostable, quasi-static crack growth.
The shp-dependent breakdown zone model does not account for the rate dependency observed for the steady state friction stress in the laboratory: it is well-documented [e.g., Dieterich, 1978b Dieterich, , 1981a Blanpied et al., 1987 ] that the steady state friction stress shghtly depends on the shp rate. Hence one may claim that the rate-and state-dependent friction law proposed by Dieterich [1978b Dieterich [ , 1979a Dieterich [ , 1981a Dieterich [ , 1986 and Ruina [1983] is more appropriate and should be used for an analysis of the nucleation process, because the rate-and state-dependent law can explain such an observed rate dependent effect. In fact, Dieterich [1979b] numerically simulated the spread of the zone of premonitory shp and onset of instabihty in plane strain, assuming a rate-and state-dependent law. However, the dependence of steady state friction on the slip rate may only have a secondary significance on shding surfaces of fractal nature, as will be discussed below. In addition, the specific rate-and statedependent law seems to have a number of alternative disadvantages which will also be discussed below.
In the rate-and state-dependent constitutive law an arbitrary shp history is viewed as a perturbation from steady shding, and hence the concept of steady sliding has a central role [Ruina, 1985] [Ruina, 1983] , we beheve that the time-dependent effect at zero shp velocity (or in static state) is more significant than the rate-dependent effect at slow shp rates (or in quasi-static state) during the restrengthening process in a fractal system where steady state shding is not allowed. Pseudo-static nucleation processes which involve local dynamic instabihties due to inhomogeneous distributions of the crack growth resistance on the fattit will also be more significant in earthquake nucleation which might occur on fault surfaces of fractal nature than quasi-static nucleation based on smooth slow shp rates (or steady state frictional shding). In addition, it is still unclear whether or not this specific law can quantitatively account for the high-frequency strong motion for earthquakes, which has successfully been explained in terms of the shp-dependent breakdown zone model [Ohnaka and Yamashita, 1989] .
Shear fractures or ruptures do not always occur along preexisting faults, and some earthquakes may result from shear fractures of intact rock mass in the Earth, to which the rateand state-dependent friction law is not apphcable. However, the breakdown zone model based on the shp-dependent law is apphcable for shear failure both along preexisting faults and of intact rock mass. In this sense, the breakdown zone model potentially may have a wider apphcabihty.
While the rate-and state-dependent law predicts the critical shp displacement as the result of the shding history [e.g., Dieterich, 1979a; Ruina, 1983] , our breakdown zone model requires a spatially inhomogeneous distribution of the critical shp displacement to create stable and quasistatic nucleation. Such an inhomogeneous distribution will commonly preexist in parts of the Earth where potential for earthquakes prevails, and hence the inhomogeneity preexisting in the Earth will play an important role in creating the nucleation. Although the critical slip displacement can be affected by the shding history, as the rateand state-dependent friction law predicts, laboratory experiments show that the critical slip displacement heavily depends on the roughness of shding surface [Okubo and Dieterich, 1984; and that the roughness is not necessarily altered substantially during a single breakdown (or shp weakening) process. This means that the critical slip displacement is not entirely affected by the sliding history alone. The effect of the shding history could be minor. We beheve that the major cause of creating the nucleation will be ascribed to an inhomogeneous distribution of the critical slip displacement, which is primarily governed by spatial distribution of the roughness preexisting on the fault in the Earth. These are reasons why we have discussed the nucleation process in terms of the breakdown (or cohesive) zone model in the framework of fracture mechanics.
One may argue that other mechanisms such as nonelasticity or stress corrosion should be responsible for the observed stable crack growth. Nonelasticity is known to promote slow rupture growth. It is observed in laboratory experiments with metals that slow rupture growth is in some cases closely related to the occurrence of plasticity near crack tips [e.g., We focused more attention on the local change of Dc than on the stresses (r r -(r f and (r r -(r0 in our stability analysis. There axe the following two reasons for this. First, the laboratory experiment seems to show that the distributions of We have assumed plane strain deformation in the theoreticai analysis. Strictly speaking, this assumption will be somewhat violated in the later stage of crack growth, Mthough it will be valid in the earlier stage since the assumption of plane strain will be valid when entire crack length is negligibly small compared with the thickness of specimen.
The experiment was caxried out in paper I on a sample with a thickness of 5 cm. Although three-dimensional analysis is required for the exact treatment, our treatment will be quite enough at the present stage, considering the resolution of the experiment.
CONCLUSIONS
A theoretical study has been made to understand the conditions of initiation of stable rupture growth and the transition from stable to unstable rupture growth on the basis of experimental findings in paper 1. It has been shown theoretically that a zone where the critical slip displacement increases with distance is required for the occurrence of stable growth and that its increase rate must be larger than a certain threshold value. The transition to unstable growth occurs at a location where the increase rate of critical slip displacement falls short of the threshold value. The above is quite easily understood from the physical viewpoint since the critical slip displacement plays a role of resistance to crack growth. The inhomogeneous stresses observed in paper 1 give higher resistance to the crack growth than the homogeneous stresses. A possible distribution of critical slip displacement has been obtained which can quantitatively explain the experimental observation, and it is inferred that the rupture growth observed as the nucleation process is contaminated by dynamic effect. The present theoretical analysis also suggests that diverse earthquake ruptures can occur if the size of preexisting initial crack and the distribution of critical slip displacement satisfy a certain condition. Possible mechanisms of fault creep and a main shock with or without foreshock activity are exemplified.
